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Introduction
The computational modelling of the fracture study of crack and delamination of composite structure is still under development. Several assumptions and techniques have been developed in this field of study to obtain numerically accurate damage predictions. To simulate an accurate crack propagation, the modelling method requires a reliable calculation of the stress intensity factor (SIF) to be able to apply fracture criteria [1] . Al-ansari et al. [2] , Lecheb et al. [3] and Zhou et al. [4] studied the stress intensity factor for 2-dimensional (2D) form composite structure. FEM's and meshfree method were compared to calculate the SIF for the Mode I fracture [2] . XFEM is used to estimate the SIF in Mode I and Mode II crack problems [3] . One of the reported advantages of XFEM is that it allows both Mode I and Mode II modelling straightforwardly through convenient crite-ria. The study found that the composite crack angle imposing a minimal SIF.
The extended finite element method (XFEM) was developed by Ted Belytschko and collaborators in 1999 to solve structural crack propagation problems without continuous or minimum re-meshing [5] . Mode II fracture propagation modelling using XFEM in concrete with the additive material of siliceous flyash was presented by Golewski et al. [6] . The 2D crack numerical modelling using XFEM showed good agreement with the experimental data.
Developments in XFEM are still in progress as pointed out by Huynh and Belytschko [7] . They focused on the material interfaces where the crack tip enrichments and computational meshes were assigned. The method applied is used to solve both 2D and 3D composite structure cracks [7] . In the standard FEM, the element edges coincide with the material interfaces and the required crack surfaces, whereas XFEM has eliminated this restriction. Some researches that related to the crack propagation of 3D composite structures using XFEM in Abaqus can be seen in Moreno et al. [8] and Navarro-Zafra et al. [9] . Both works showed the modelling of intralaminar cracks without any interlaminar crack involved.
Some works that related to the modelling of delamination in composite structures used integrated XFEM and cohesive elements [10] ; [11] ; [12] ; [13] . Grogan et al. [10] applied a combination of XFEM and cohesive elements to simulate microcrack nucleation in composite structures. The random microcrack and propagation (intralaminar failure) were computed based on XFEM while the delamination between plies was computed based on a mixed mode surface cohesive zone model (SCZM). Yazdani et al. [11] applied the XFEM to model the composite mixedmode delamination. The adhesive contacts were modelled between each layer with cohesive elements. The computation interlaminar stresses were established based on a first-order shear deformation theory. The interlaminar stresses increment was triggered by the Poissons ratios mismatch and interaction which led to the delamination initiation. It is clear that the combined crack and delamination modelling is still under development.
Hu et al. [12] defined three cases to establish the matrix fracture and delamination migration based on a progressive damage model. For each case, laminates were tested with distinct staking sequences. Crack initiation was based on the expected crack angle path (pre-allocation) for each layer of composite. The delamination by cohesive elements was not triggered until the matrix crack touched the interface, which is a step forward with respect to Hallet et al. [14] , in which every crack was initially pre-allocated.
In this paper, a step forward has been given in the simulation by doing both intralaminar and interlaminar fracture by XFEM. The numerical computational presented in this paper is to develop the transversal crack and delamination of carbon fiber composite.
Extended Finite Element Modelling
In this present work, the elements in the interface (SOLID) are subjected to splitting by enrichment (XFEM) and the initiation criteria as well as evolution criteria based on energy release rate.
Crack propagation using Level Set Method
The application of the level set method for solving the fracture problem is difficult in constraining the evolution of the signed distance function during crack propagation while maintaining the existing crack surface in a frozen state [15] . Several modifications have been made since the level set method was implemented in open curve interfaces such as cracks. Instead of only one set level which is denoted by φ, the second set level of ψ is also required at the crack tip.
The zero-level set of function ψ(x, t) is used to simplify a 1D crack growth. The intersection of the zero-level set of function ψ(x, t) with the zero-level set of function φ k (x, t) is set at the end point of the crack where k is the number of tips at the defined crack. An assumption is made for a condition where ψ is orthogonal to φ. The nodes are only used as storages for level set function values.
Using the similar finite element shape function, the functions are interpolated over the mesh in which the function can now be written as in Equation 2 and Equation 3.
However, the zero level set of ψ is cut through the entire domain even when the crack is actually embedded inside a domain. An assumption of the part is fixed without changing any shape or moving once the crack has emerged. The iteration updates of φ k and ψ functions lead to the recalculation of the φ function, which are used to model the crack growth. The crack growth direction of θ is the factor of φ k and ψ evolutions. The velocity vector v = (v x , v y ), which is always normal to the interfaces, is determined for every step with the displacement of the crack tip.
The procedure of level set function of φ k n and ψ n evolutions in the n-step was simplified [16] . The level set rotation of φ k n is expressed by φ k,r n and computed based on 4 and ψ (n+1) in Equation 5;
where x is the nodal coordinate and x k is the crack tip coordinate.
Next, the updated crack tip location is calculated based on Equation 6 .
Abaqus/Standard software does not estimate the exact and real time of the test to be performed as it is a Newton -Raphson solver and hence iterations are computed without time step. This is the reason where the implementation of velocity in Equation 6 was introduced [17] . The velocity is multiplied with the time difference (∆ t) to calculate the increment iteration in this simulation. Therefore, the velocity parameter is used to estimate the displacement (crack propagation) on the surface of the composite.
Equation 7 is used for more than one crack tip.
Lastly, the intersection of zero level sets of φ k n+1 and ψ n+1 is computed to solve the location of new crack tip of k. Figure 1 shows the crack tip deformation field coordinates and typical contour Γ [18] . The polar coordinates of r and θ with respect to the tangential of crack tip at a point x can be written as shown in Equation 8 and Equation 9. 
By implementing the local coordinate in this analysis, XFEM is used to estimate the crack propagation in the contour region.
Enrichment Function
The enrichment function is used to solve the discontinuity within the element by providing an additional shape function. Equation 10 shows the approximate displacement applied in the most standard finite element methods, where N (x) is the shape function and d is the change of displacement in every node.
To calculate the crack propagation path, some enrichments might be added as shown in Equation 11 . The shape function in the second term is added as the enrichment for solving the extra degree of freedom node, which is expressed as a j with m as the nodes enriched by the Heaviside function. However, for solving the crack at the crack tip, a third notation is required. As the last point of the crack tip is in a singular point form, the F (x) function is used in terms of the singular point radius, where mt is the number of nodes enriched by crack tip asymptotic field enrichments.
Several assumptions and techniques have been developed in this field of study to obtain the accurate damage prediction numerically.
Damage Initiation
In this paper, maximum principal stress failure criteria are used to predict intralaminar damage initiation as shown in Equation 12;
A damage occurs if any of these stress components such as σ 1 ,σ 2 ,τ 12 in the principal material axis meet the criteria as given in Equations 14, 15 and 16.
where σ T * 1 is the longitudinal tensile strength, σ C * 1 is the longitudinal compressive strength, σ T * 2 is the transverse tensile strength, σ C * 2 is the transverse compressive strength and τ * 12 is the in-plane shear strength.
The standard formulation in Equation 12 is modified for anisotropic mixed mode crack maximum principal of stress as presented in Equation 17 [19] .
Each ply will fail based on the material properties assigned in terms of either tension or compression, following the maximum stress failure envelope. During the tensile test simulation, if the ply meets any of the above-mentioned conditions, then the ply fails.
Damage Evolution
The mixed mode in crack propagation leads to the formation of cracks and delamination. The non-zero K I and K II stress intensity factors are established because of the inclined or curvilinear propagations from multiaxial loadings. These two stress intensity factors emerged when a notch or a crack was subjected to in-plane loading [19] .
Both stress intensity factors for an inclined crack can be written as in Equation 18 and Equation 19 , where a is the crack length and θ 0 is the angle between the crack inclination and the existing crack.
The relationship between the stress intensity factors and the strain energy release rate based on the crack growth is defined in Equation 20:
where E ′ I and E ′ II are generalised elastic modulus.
Nucleation is not intended, rather an initiation via
Based on the maximum energy release rate, both these stress intensity factors can be expressed in θ from Figure 1 as given in Equation 22 and Equation 23 .
where,
Fracture Model
This section aims to achieve two objectives. The first part is to demonstrate the crack propagation with delamination simulation using XFEM and the second part is to study the size effect of carbon fiber composite laminates based on the same ply orientation blocked together.
In the first part, the experimental procedure for carbon fiber composite fracture by Hallet et al. [14] is studied. The computational modelling procedure for the same carbon fiber composite specimens used in Ref. [14] is performed using the ABAQUS/standard commercial software. The results are compared for validation so that the modelling procedure gives accurate results based on the maximum principal stress criterion.
For the second part, the modelling of size effect study is performed based on experimentation by Wisnom et al. [20] . They applied the same composite material from Ref. [14] but they have increased the specimen volume thickness to study the size effect experimentally.
Crack and delamination simulation using XFEM in ABAQUS/Standard
In this section, the carbon epoxy composite plate based on the specimen developed in Hallett et al. [14] was studied where an experiment to estimate the fracture strength of the material due to tensile loading was performed. The material properties of the carbon fiber composite used in the simulation are given in Table 1 . The lay-up of the laminate used in this section is (45/90/ − 45/0) s . Hallett et al. [14] has made a good comparison between the experimentation and the simulation. This is due to the pre-allocations of fracture propagation. The authors have performed a similar experimental tensile test as been done by Ref. [14] to assess the fracture behaviour on the composite plate. The fracture mechanism shown in Figure 2 observed is similar to the one assesed by Ref. [14] , i.e transversal crack eventually triggering delamination.
In this research, the specimen of Case 1 is modelled symmetrically with the neutral axis of the composite structure as the symmetrical axis. Each ply of the laminate is modelled as solid element subjected to splitting in the corresponding loading condition. In this work, the symmetrical axis is defined on the top of 0 0 ply at the instance to optimise the structural thickness ratio with the thin crack initiation. The modelling specimen illustration for this analysis is presented in Figure 3 . The crack initiation for this model is defined in the middle of the specimen at the bottom at 45 0 inclination. This crack initiation is shown in Figure 3 , where it is represented as the rectangular black inside the red dotted line. Boundary conditions are such force motion in traction direction is allowed and transversal motion is not impeded. The crack will propagate based on the damage model and the boundary condition assigned, with no crack path assigned manually.
The length of the specimen in Case 1 is modelled without the grip to reduce the calculation time required for a larger size specimen. The displacement load and fixed boundary condition are applied directly to the end nodes and pulled under tensile loading.
The maximum stress criterion and the energy damage evolution are specified as the damage model for this static analysis. All composite layers with different ply angles and epoxy matrix damage criterion modelling data are obtained from [21] ; [22] ; [23] .
To demonstrate a crack model with delamination, the epoxy matrix used in the model is assumed to be hardened as a layer between each attaching carbon fiber ply. This assumption is very important as the XFEM always exhibits a crack behaviour based on the damage model of a solid isotropic material. In this analysis, if the crack appears between the composite lamina and causes an interlaminar crack, then the crack is called as delamination. Figure 4 shows the strain contour for the presented composite plate where the transversal crack (intralaminar) and delamination (interlaminar) fracture had propagated simultaneously. The composite structure is considered a complete failure when the elastic region of the stress-strain relation is at the breaking point. Figure 5 shows the strain contour for each carbon fiber composite ply as the crack and delamination are presented. Figure 5 (a) shows the transversal crack for the ply inclined at 45 0 where the crack is initiated in the middle of the ply. As the transversal crack propagates along the ply, the crack also propagates to the upper side and triggers the next layer. The resulting situation is shown in Figure 5 (b) , where the 90 0 ply consists of some delaminations, and the crack constantly propagates to the next composite layer until the simulation ends. Figure 6 shows the stress-strain plot for Case 1 until the structure fails. A mesh sensitivity analysis is performed to ensure that the number of elements used in this analysis is acceptable without any convergence problem. Figure 7 shows the mesh sensitivity analysis for Case 1. The number of elements selected is 6080, for which the failure stress occurred at 1076.36 MPa. The number of elements is selected in such a way that the analysis requires only less computational time. It was observed that the computational failure stress corresponded with the experimental data result consistently, with minimal error. Figure 9 , in which the region of both intralaminar and interlaminar crack can be seen clearly. The transversal crack and delamination are in a non-linear form, as the composite structure consists of different orientation angles for each ply. The behaviour of crack propagation for the laminate composite is successfully modelled and is presented in Figure 9 for the bottom view of the composite plate.
Size effect modelling study on the same ply orientation blocked together
The same material properties of carbon fiber are studied in this section. Wisnom et al. [20] have conducted experiments for investigating the size effect modelling study on the same ply orientation blocked together in carbon fiber composite. (45 m /90 m / − 45 m /0 m ) ns composite lay-ups are used, where m is the number of same ply orientation blocked together = 1, 2 and 4 and n = 1. These results are termed as the validation for the simulation. Table 4 shows the experimental results presented in Ref. [20] to validate the analytical calculation data. The results are used as a benchmark for the present work.
The objective of this subsection is to study the size effect on the addition of same ply orientation blocked together using a numerical computational technique. The reason is based on Ref. [20] ; where they found that the strength of carbon fiber composite became lower when the tensile test was performed on larger volume of carbon fiber composite plate. The strategy was performed by applying some additional plies as shown in the carbon fiber composite lay-up in Table 4, Table 5 and Table 6 . Thus; the application of same ply orientation blocked together was the reason that the composite plate strength was reduced even the composite plate volume was bigger. Table 5 shows the difference in the present work simulation results with the analytical expected strength for each case. The percentage difference increases with a rise in the size of the modelled composite specimen. The present work also compares the results with an experimental data as shown in Table 6 .
These results indicate that the size effect assessment of the same ply orientation blocked together in carbon fiber composite is different if it is compared to an isotropic material such as metal. Carbon fiber composite is one of the anisotropic materials. The mechanical properties are dependent on the fiber angle orientation. In this case, the failure stress decreases as the volume of the carbon fiber composite increases. Figure 10 and Figure 11 show the stress-strain plot of Case 2 and Case 3 respectively; where the volume of the composite structures are bigger than the composite structure of Case 1. As the volume of composite structure in Case 3 is larger than the composite structure of Case 2, the failure stress of Case 3 specimen is found to be lower than the specimen of Case 2. Graph in Figure 12 shows the comparison of results between the analytical calculation of the failure stress and the experimental data of the failure stress along with the simulation results performed in this report. It is clearly shown that the trend of failure stress nonlinearly reduces with the increment in carbon fiber composite plate volume and failure stress, as presented in Figure 12 . The approximate linear of strength reduction in Figure 13 is plotted to examine the effectiveness of XFEM in predicting the size effect phenomenon. From this graph, the size effect mod- Figure 12 : All cases-size effect strength plot elling of composite using XFEM renders a slightly higher approximation compared to the experimental and expected strength provided by Ref. [20] . As the composite structure is an anisotropic material, its behaviour is different from the isotropic material where the increment in the size of the isotropic structure increases the failure strength. The trend for simulation results shows a good agreement with the analytical as well as the experimental data. 
Conclusion
This paper offers a new insight on the computational modelling of crack and delamination of carbon fiber composite. Transversal crack and delamination have been assessed using XFEM validated against experimental and analytical data. Both transversal crack and delamination analysis are simulated using XFEM for a composite structure. The carbon fiber composite lay-up of (45/90/ − 45/0) s XFEM fracture simulation shows a significant result, wherein the failure strength renders 0.2% of difference compared with the experimental results (21.6%).
The good correlation of results in investigating the size effect modelling has been presented in this report. The results are in close agreement between the experimental and analytical data of each specimen modelled based on the size of the carbon fiber composite volume.
